Abstract: An increasing use of non-metallic reinforcement is problematic as it has to be detected at the stage of accepting construction works, or later when expert opinions are prepared for the building. In contrast to metallic reinforcement, location of this type of reinforcement is difficult using non-destructive techniques. Small diameters of rebars and their location in a tested element were troublesome. This article describes an attempt to locate non-metallic reinforcement in a concrete element and the masonry. Tests were performed using an ultrasonic tomograph and GPR with a broad range of frequencies.
Introduction
Non-metallic (FRP) reinforcement was launched on the market over 20 years ago as an alternative to conventional bars and steel meshes for reinforcing concrete and the masonry. As there were many doubts about characteristics of this material, no unambiguous qualitative standards for its production, resistance to high temperatures, and until recently no design procedures, construction engineers were initially quite sceptic about this type of reinforcement. Advantages of this reinforcement are durability, and especially resistance to corrosion, high tensile strength, and very low specific gravity. These make the non-metallic reinforcement more and more popular.
Non-metallic reinforcement in concrete structures is usually applied in wall and slab elements, which do not require any bent bars and reinforcement anchorage can be performed easily [1, 2] . Moreover, research works are conducted on the reinforcement for beam elements without stirrups [3] and preparation of hybrid beams with steel and non-metallic reinforcement [4] . There are no contraindications to employ reinforcement in elements exposed to puncturing and twisting [3] . Smaller plastic deformations reduce the possibility for using non-metallic reinforcement in structures, for which redistribution of bending moments (slabs and continuous beams) is permitted.
In masonry structures, the non-metallic reinforcement is applied in places of concentrated stresses, such as the zone below the window [5, 6] , in places of concentrated loads [7] , in zones connecting perpendicular walls [8] . The reinforcement can be sometimes used to reduce the risk of crack formation or increased resistance [9, 10] .
As the non-metallic reinforcement is more common in reinforced concrete and masonry structures, there are problems regarding their diagnosing. Detecting non-metallic rebars of low diameters at the stage of works acceptance, or performing expert works is difficult and often requires the professional diagnostic equipment. This article describes an attempt to localise non-metallic reinforcement in concrete and masonry. Prepared tests elements were subjected to non-destructive testing with the GPR equipment and the ultrasonic tomograph.
Potential of non-destructive tests for locating the reinforcement
Nowadays, non-destructive tests on reinforcement location in the structure are carried out using the radar, electromagnetic, radiologic (radiographic), ultrasonic, and thermography techniques [11, 12, 13, 14, 15] . The radiologic technique was commonly applied in the 1960's and 70's since it produced the best results. This technique is based on X, γ or other hard radiation and its recording which follows radiation emitted to the tested facility. During tests on structures, recording was made using special photographic films sensitive to ionising radiation. Currently, radiographic techniques are rarely used because of the long testing time and time-consuming elaboration of results.
The ultrasonic technique is an acoustic technique based on analysing relations between the velocity of elastic waves with a frequency of 20÷500 kHz, propagating in a permanent structure and its properties. These methods are mainly employed to determine the strength of concrete and masonry, detect voids and discontinuities of the structure, and test the depth of cracks. The use of ultrasonic technique for locating the reinforcement is justified by varying velocity of an acoustic wave in concrete or the masonry, and in the reinforcement. The velocity of an ultrasonic wave in concrete is 3500÷4500 m/s, whereas the wave velocity along the simple uncemented reinforcement in steel found in engineering constructions is 5850÷5890 m/s. Until recently, low precision of this method caused that it was not suitable for locating the reinforcement. Modern devices for ultrasonic thermography increase the measured accuracy on the basis of the elastic wave with a multi-head antenna equipped with independent ultrasonic transducers. So, tests on locating the reinforcement are performed with this method [16, 17, 18] .
Infrared thermography consists in recording, processing and visualising the invisible IR emitted by the body. Infrared thermography usually uses the medium IR band with a wavelength of 0.9-14 μm. A thermal image (thermogram) is the result of tests capturing temperature distribution over the area of the tested body. Non-destructive tests using infrared thermography can be classified into procedures of passive and active tests [14, 19] . Passive thermography analyses heat emitted by material without any additional thermal simulation, whereas active thermography is based on thermal analyses of the material response after its exposure to heat. Thermography can be used to localise the reinforcement as concrete and steel have different thermal properties. And thermographic techniques give very promising results [19, 20] . However, they are now at the phase of laboratory tests. The market does not offer any thermographic devices for testing the reinforcement.
Nowadays, the most popular non-destructive techniques for detecting the reinforcement are electromagnetic and radar techniques. Electromagnetic methods for locating the reinforcement in reinforced concrete elements usually involve the analysis of changes in the magnetic field near rebars [11, 14] . But this method is only suitable for detecting metallic reinforcement. GPR (Ground-Penetrating Radar) method is based on emitting electromagnetic waves in the ultrashort and short frequencies of radio waves and recording waves reflected from layers characterised by varying dielectric properties. James Clerk Maxwell developed fundamentals for electromagnetic waves theory in 1864. This theory was not used in practice for a very long time. GPR techniques for reinforced concrete structure were rarely used until the 1980's [12, 14, 21, 22] . At that time, both the measuring technique and methods of result interpretation were improved. Nowadays, there are many measuring systems with varying measurement ranges and different levels of interpreting results. Thus, this method is often used to localise the reinforcement [23, 24, 25] . The assumed measurement range of 1.0÷3.0 GHz offered by devices available on the market limits the method accuracy. Lower frequencies make tests possible at greater depths, and higher ones can detect small bodies localised near a tested edge. Density and porosity of tested concrete also affect the results. Due to wave suppression, tests are usually performed on concrete with the standard density within the range of 2400-2700 kg/m 3 , less commonly on light concrete with density from 350 to 1500 kg/m 3 .
Non-metallic reinforcement applied in reinforced concrete structures, is usually characterised with diameters greater than or equal to 5 mm, whereas masonry structures (with standard or thin joints) usually have meshes with weave and the diameter up to 1 mm, which are more difficult to localise. Difficulties in detecting reinforcement in masonry structures are also caused by its location. Contrary to reinforced concrete structures, the reinforcement is horizontal, that is, in a perpendicular direction to the tested area because it is usually laid in head joints of the masonry, often in thin joints.
This article describes an attempt to localise non-metallic reinforcement in the concrete element and the masonry wall. The analysis described above, was used for selecting a testing method, that is, the ultrasonic tomograph with 24 exponential transducers and the GPR device with antennae having a wide range of frequencies 0.2-4.0 GHz.
Tested specimens
Tests were conducted on a reinforced concrete slab and two specimens built from the masonry with reinforcement laid in support joints. The slab was made from concrete class C20/25 (density of 2500 kg/m 3 ) and the bar mesh from fibreglass rebars with a diameter of 5.1 mm at a spacing of 10 cm. The slab thickness was 12 cm, and the mesh was laid together with a concrete cover of 25 mm. The slab is illustrated in Fig. 1 , and the reinforcement is shown in Fig. 2 . The reinforcement was made from main wires and braided wires laid in a perpendicular direction to main wires. Main wires prepared traditionally in the pultrusion process, and perpendicular wires were made from braided glass fibres by resin hardening. Tensile strength of main wires was 1200 N/mm 2 , and that of weaves was 600 N/mm 2 . Young's modulus was 50000 N/mm 2 , and the density was 1250 kg/m 3 . For localising the reinforcement, two masonry specimens were prepared. Each of them was composed of four masonry units made of AAC, with the strength fb = 4.04 N/mm 2 and nominal density of 600 kg/m 3 placed on thin-layer mortar of class M5. Test results for masonry units of the mortar and the masonry itself are described in papers [5, 26] . The width of the model was equal to the width of a single mortar unit, the height was 970 mm, and the thickness was 180 mm. Different types of reinforcement (Fig. 3) were laid in individual joints in both models. There were used two metallic meshes, two meshes from fibre glass, and two meshes from basalt fibre.
A steel mesh with wires having a diameter of 1.2 mm and mesh size of 12x12 mm (Fig. 4a) was laid in the upper joint in the first model. The mesh wires were protected against corrosion by hot dip galvanisation. In the central joint, there was a fibreglass mesh with a protective latex cover (size 10x12 mm). A weft section was 0.42x2 mm, and a warp was composed of three fibres with the smallest section of 2x0.2x0.4 mm (Fig. 4b) . The mesh density was 2500 kg/m 3 In the bottom joint, there was a basalt mesh (size 30x30 mm). A weft section was 0.8x3.2 mm, and a warp was composed of four fibres with the smallest section of 0.3x0.9 mm (Fig. 4c) . The mesh density was 1800 kg/m 3 . The upper joint in the second model had a truss-type reinforcement intended for masonry walls built on thin joints. This reinforcement was composed of two flat bars with a section of 1.6x8 mm and trussing from a wire having a diameter of 1.6 mm (Fig. 4d) . The spacing of flat bars was 140 mm, and the reinforcement was protected against corrosion by hot dip galvanisation. In the central joint, there was a mesh from fibreglass (size 5x5 mm). A weft section was 0.22x1.5 mm, and a warp was composed of two fibres with the smallest diameter of 0.3 mm (Fig. 4e) . The mesh density was 2550 kg/m 3 Basalt mesh (size of 8x8 mm) was laid in the bottom joint in the second model. The mesh had a weft section of 0.5x1.5 mm, and a warp with the smallest cross-section of 2x0.3x0.6 mm (Fig. 4f) . The basalt mesh density was 1800 kg/m 3 . 
Measurement techniques and equipment
The ultrasonic tomograph and GPR device were used for tests, with an additional application of the electromagnetic scanner for masonry models. The applied equipment is shown in Fig. 5 . The ultrasonic tomograph was equipped with eight measuring transducers in each three rows, operating within the frequency range of 15÷100 kHz. Each measuring transducer was emitting an ultrasonic sound and echoes were received by other transducers. Individual transducers were sending their own sounds one after another with a delay of 8÷200 ms. A completed measurement in one row included 28 scans (Fig. 6) .
Radar measurements employed the GPR system with antennae generating the measurement signal with progressively varying frequency within the range of 0.2÷4.0 GHz. The upper limit of obtained frequencies was particularly important for tested elements. The maximum thickness of elements tested with that device was 70 cm. This device involves time of flight method (TOFM), which simultaneously records the received signal and the movement of wheels in the measuring transducer.
An electromagnetic scanner was the last equipment used while testing masonry units. The scanning head was equipped with a circumferential transmitting coil and seven receiving coils. The analysis was conducted for current induced in receiving coils. This equipment could only detect metallic reinforcement built into top joints in masonry models.
A measuring grid, with a mesh size 10x10 cm, shown in Fig. 7 , was plotted onto planes of all models. In case of tests using ultrasound tomography, a linear scan was taken which ran through the whole height of the measuring base beginning at the top of the model. In case of the GPR equipment and electromagnetic scanner, tests were conducted on the whole marked surface. Additionally, linear scans of masonry specimens were made using the GPR equipment along the height of the measuring base. Linear scans began at the base bottom (in accordance with the measuring tool requirements). Fig. 8 illustrates the result of a linear scan taken with an ultrasonic tomograph, marking location of reinforcement in the model. We have succeeded in obtaining the reinforcement image, also it is not so clearly visible as in case of metallic reinforcement. Figure 9 shows the surface scan taken with the GPR equipment. It is a clear image of the non-metallic reinforcement, and some disturbance visible above the central part of the scan (a red spot) is the result of using a steel slab with a hook for transporting an element. The reinforcement in the slab has a considerably large diameter, and is laid in parallel to the scanned surface, and its density significantly differs from concrete. The reinforcement with smaller diameters, higher density and perpendicular to the tested surface is much more difficult to be detected. However, an attempt was made to detect such reinforcement in masonry specimens. Fig.  10a presents a linear measurement made with the ultrasonic tomograph, and Fig. 10b shows a similar result from the linear measurement with the GPR equipment. Both figures show the marked location of the tested reinforcement. However, the result from the GPR equipment is the mirror reflection to show a better comparison with the result obtained from the ultrasound measurement (the scan was taken in a reverse direction). The slight reinforcement from fibreglass mesh (section 2 shown in scans) was not detected in both cases. But both devices detect the metallic mesh much better despite its very small diameter. The first wire of the metallic mesh is clearly visible in the GPR scan (a hyperbole illustrating location of the mesh wire is in Fig. 10b ). More distant wires are not visible because their diameter is very small. Some anomalies of the metallic mesh can be also visible in the ultrasound scan. The basalt mesh (section 3 shown in scans) is barely visible in both scans. Some scan disorders are observed, but the measurement interpretation is generally impossible without knowing the model content. Figure 11 shows the result form the surface scan taken with the GPR equipment Like in Fig. 10 , there is a marked location of the reinforcement. Like in the linear scan, metal reinforcing mesh and basalt reinforcing mesh were localised, but basalt reinforcing mesh was the most visible.
Test results
Similar tests were performed on the second masonry model. Fig. 12a presents a linear measurement made with the ultrasonic tomograph, and Fig. 12b shows a similar result from the linear measurement with the GPR equipment. Like in the model 1, the slight reinforcement from the fibreglass mesh (section 2 shown in scans) was not detected by any of both techniques. These instruments are more effective in detecting the truss-type reinforcement. The first wire (the upper one in the scan) of the metal truss is clearly seen in case of both tests. The basalt mesh (section 3 shown in scans) is barely visible in both scans, like in the model 1. The interpretation of measurements is also impossible without knowing the model content. Figure 13 shows the surface scan taken with the GPR equipment, on which the reinforcement location was marked. Like in the linear scan, metal reinforcing mesh and basalt reinforcing mesh were localised, but basalt reinforcing mesh was the most visible.
Electromagnetic tests were only conducted for visualisation because it is commonly known that this method is not used for detecting the non-metallic reinforcement. However, the authors were considering whether the mesh with small diameter wires, built into the model No. 1, was likely to be detected. And tests resulted in the image of the metallic reinforcement in both models (Fig. 14) . 
Conclusions
The performed tests confirmed difficulties in detecting the non-metallic reinforcement in the structure. Fibreglass meshes with a small diameter (up to 2.0 mm) perpendicular to the scanning direction, were not detected. However, fibreglass meshes with a diameter of 5.1 mm, perpendicular to the scanning direction, were detected. The precise detection of basalt meshes was only possible using the radar method.
The employed equipment confirmed its limited usefulness for non-destructive tests aimed at detecting the non-metallic reinforcement. Despite the current technological advancement, results are still burdened with significant uncertainty in terms of interpreting the obtained results.
For the ultrasonic method, the used commercial equipment should have many measuring transducers on the smallest possible space arranged in a matrix way. The mutual delay in measurements of individual transducers should be as long as possible. For GPR scanners, the equipment with varying frequency of electromagnetic impulse and high values of the limiting frequency should be selected.
